End-to-side portocaval shunts (PCS) were constructed m SIX dogs to evaluate the effect of complete portal blood flow diversion on hepatocellular structure and function, hepatic rettculoendothelial (RE) activity, and serum opsomc actrvity (OA). RE activity remained normal after PCS despite a 40% reduction in estimated hepatic blood flow. Tissue distribution of injected colloid shifted away from liver to spleen, lung, and bone marrow. OA decreased to 40% of baseline values 6 weeks after PCS and remained low. Postshunt changes in hepatic morphology primarily affected hepatocytes and included deglycogenation and loss of rough endoplasmic reticulum. Significant changes in Kupffer cell morphology were not observed. Complete portal flow dtversion in the dog caused profound alterations in hepatocellular structure and function without compromising Kupffer cell phagocytic and metabolic activity. Kupffer cells may be less dependent than hepatocytes upon hepatotrophic factors contained in portal blood. OA did not correlate with changes in vascular lipid clearance, suggesting that either phagocytosis of RES test lipid in the dog is not dependent on prror opsonizatton, or that the assay used was neither sensitive nor specific enough to measure a critical opsonic threshold required for effective phagocytosis.
INTRODUCTION
The vascular clearance of particulate matter, endotoxin, and other antigenic materials is a physiological function of the fixed macrophages of the reticuloendothelial (RE) system [25] . Macrophages localized to the sinuoids of the liver (Kupffer cells, KC) and spleen account for nearly 90% of intravascular phagocytosis [ 51, and experimental data suggest that the serum factors or "opsonins" are important regulators of RE phagocytic activity [21, 23, 271 .
Functional alterations of the RE system have been demonstrated in many pathological conditions including cirrhosis of the liver [ 321. Experimental systemic diversion of portal blood containing hepatotrophic factors has been shown to profoundly affect hepatocellular structure and function [ 301. Most important evidence of compromised KC function in cirrhosis has been derived indirectly from observations regarding the reduced intravascular clearance of intravenously injected radiolabeled colloids [ 4, lo] . It is not known whether a primary functional defect or a reduction in effective sinusoidal perfusion causes these abnormalities in phagocytic and metabolic activity.
The purposes of this study were to measure the effects of end-to-side portocaval shunt on canine KC and hepatocellular structure and function and to relate these changes temporally to alterations in serum opsonic activity.
MATERIALS AND METHODS
Twelve conditioned mongrel dogs, 10 to 30 kg in body weight, were maintained on standard kennel chow and water ad libitum. Each animal underwent baseline determinations of hepatic reticuloendothelial phagocytic index(P1) and degradative (DI) index, as well as opsonic activity (OA), and estimated hepatic blood flow (EHBF). Liver function was assessed by determining serum To this trace amounts of 13'1-labeled triolein were added. Immediately prior to use, the anhydrous base was mixed with a 0.3% gelatin-5% dextrose in water solution using a Waring blender at high speed for 10 min resulting in 10% emulsion with an average particle size diameter of l-7 pm. Each animal received an intravenous dose of 150 mg/kg of anhydrous base equivalent emulsion containing 30 to 50 &i of 13'I. Ten drops of Lugol's solution were administered to all test animals one day prior to and on the morning of the study.
Anesthesia was induced with 20 mg/kg of thiamylol sodium (Suritol) to permit placement of a central venous catheter by way of the external jugular vein, a peripheral catheter into an upper extremity vein, and a catheter into the urinary bladder. Animals were then awakened and maintained in a simple restraining harness throughout the study period. Throughout the 2-hr test period, 2 ml/kg/min of 0.9% normal saline was administered intravenously to each animal.
The test lipid emulsion was administered intravenously over 60 sec. Four milliliters of central venous blood was withdrawn every minute for 10 min, then every 15 min for a total of 2 hr. One milliliter was saved for subsequent assay of 13'1 activity. The remaining 3 ml sample of blood was centrifuged at 1400g for 10 additional min at 4°C and a l-ml aliquot of serum was removed. Each sample was precipitated twice with 1 ml of 30% tricholoroacetic acid, and centrifuged at 1400g for 10 additional min at 4°C. One milliliter of resulting protein and lipid devoid supernatant was saved for assay of free serum "'I.
Urinary output was collected at 15-min intervals and recorded. One-milliliter aliquots of urine were withdrawn from each 15-min collection for measurement of urine 13'I.
Whole blood 13'1 activity was plotted versus time on semilog scale and clearance of lipid was treated as linear for the first 10 min following infusion [ 11, 121. Using the least-squares method of linear regression analysis, an equation was derived, and the half-time (T'J of lipid clearance and the resulting K constant were calculated. The K constant, obtained by dividing 0.693 (In 2) by the T, ,*( min), represented the phagocytic index (PI).
Degradation or deiodination of phagocytized 13'1-labeled lipid results from RE metabolic activity. Levels of free 13'1 activity were evaluated by measuring radioactivity in the supernatant of previously precipitated whole blood samples and in 15-min urine samples. Cumulative 13'1 clearance, representative of overall lipid metabolism, was determined by summing activity levels from interval urine samples. Cumulative 13'1 activity was plotted versus time on a semilog scale; Tljz was the time required to excrete half the total cumulative 13'1 activity. The resulting K constant was the degradative index (DI). Whole blood, supernatant, and urine 13'1 activity plotted together gives a profile of lipid clearance and metabolism (Fig. 1) .
Opsonic activity was detected by determining the ability of serum samples to cause agglutination of gelatin-coated carboxy-latex particles in the presence of heparin [9] . Carboxy-latex particles 0.892 pm in diameter were covalently bonded to gelatin using the carboidimide reaction, diluted in Hank's balanced salt solution (HBSS) to a particle concentration of 1 X 108/ml and refrigerated at 10°C for use in the assay. One to three milliliters clotted of dog blood was centrifuged at 1OOOg for 10 min. Fifty milliliters each of serum, particle solution, and HBSS to which 20 units heparin/ml had been added comprised the test mixture. Control tubes contained similar constituents without EDGCOMB ET AL.: PORTOCAVAL SHUNT AND CANINE HEPATOCELLULAR FUNCTION 235 heparin. After 1 hr of agitation at 37°C the reaction was stopped by addition of 3 ml of phosphate-buffered saline (PBS) and sedimented over night at 4°C. All assays were performed in triplicate. The optical density (OD) of the resulting supernatant was measured against a PBS blank at 650 nm in a light spectrophotometer and the opsonic activity (01) was calculated using (1 -average test OD) X looo/ (average control OD) 0.
Activity indices were normalized to control values and plotted as mean percentage activity versus time.
Estimated hepatic blood flow (EHBF) was determined scintigraphically by measuring the rate of hepatic uptake of a "subcritical" dose of 500 &!i of 99"Tc-sulfur colloid. A 2.5-cm-diameter NaI y probe was positioned over the liver with constant geometry maintained throughout the experiment. After rapid intravenous injection of the radiolabeled sulfur colloid, I-set instantaneous count rates were recorded for 10 min. Least-squares linear regression analysis of data collected during the first 2 min of count rate collection was representative of hepatic blood flow at low particle doses. Linear regression analysis was used to determine the T,,z (min) and K (min-'). Estimated hepatic sinusoidal blood flow was calculated from EHBF = K (min-') X body weight (kg) X 0.095, where 0.095 represents the percentage blood volume to body weight in the dog.
Six animals underwent construction of end-to-side portocaval shunts (PCS) and six others underwent sham operations (control). All dogs were anesthetized with nitrous oxide and 0.5% fluothane. Streptomycin (0.5 g) and penicillin (250,000 units) were administered once daily for 5 days following operation. Animals were studied preoperatively and at 3, 6, and 9 weeks postoperatively. During the last study period, each animal received 1 mCi of TSC intravenously over 5 min. Ten minutes later an open liver biopsy was obtained. Specimens were immediately fixed in 10% buffered formalin and 2% gluteraldehyde for light and electron microscopy, respectively. Exasanguinated liver, spleen, and lung weights were obtained following sacrifice and a specimen of bone marrow was obtained from the proximal femur. Each organ was assayed for radioactivity per gram of tissue weight. Tissue distribution was expressed as the percentage injected dose phagocytized per gram tissue of each organ (% ID/g) and per total organ (% ID/TO). Bone marrow was assumed to represent 2% body weight. All data, represented as X +-SD, were analyzed using Student's t and unpaired t tests.
RESULTS
There was no statistically significant change in either t value of lipid emulsion clearance or phagocytic index (PI) at 3, 6, or 9 weeks postshunt compared to preoperative values. In addition, there was no sig- nificant difference in the t of urine 13'1 activity or the degradative index (DI) at these test periods compared to preoperative values (Table 1) . Estimated hepatic sinusoidal blood flow (EHBF) decreased significantly (P < 0.01) after portocaval shunting from 49.1 f 3.5 to 26.9 f 2.7 ml/min/kg body weight. Attempts to autoregulate or restore EHBF toward preshunt values were not observed at 6 or 9 weeks following operation in any test animal.
Elevations in serum transaminase values were observed in all PCS animals ( Fig. 2) with wide variations at each time interval. (SGOT) was significantly (P < 0.05) elevated at 3 weeks, returned to control values by 9 weeks. Similarly, SGPT was significantly (P < 0.05) elevated at 6 weeks but tended to return toward normal by 9 weeks.
Levels of serum protein and albumin slowly declined throughout the course of the study. Albumin levels were significantly depressed below control values at 6 weeks and remained low. Total protein levels decreased more slowly achieving significance (P < 0.05) 9 weeks postshunt. No demonstrable trends were observed among electrophoretically detemined protein fractions (Fig. 3) .
Normalized opsonic activity declined pro-60 FIG. 3. Illustrates the electrophoretic profile of serum proteins before and up to,9 weeks after portocaval shunt. Total protein and albumin were decreased significantly (P < 0.05) by 9 weeks without a demonstrable decrease in y or a-2 globulin fractions. gressively following PCS. By Week 6, OA decreased significantly (P < 0.01) to less than 40% of preoperative levels. Depressed OA persisted through the ninth week (Fig. 4) .
Tissue distribution of intravenously injected TSC changed dramatically after PCS. The percentage injected dose phagocytized per total organ (% ID/TO) shifted from the liver to the spleen, lung, and bone marrow. There appeared to be a significant postshunt increase in phagocytized particles (% ID/g) in both the liver and spleen compared to controls (Table 2 ). Observed changes in tissue distribution of radioactivity did not correlate with the vascular clearance (T,,* or PI) of injected test lipid emulsion.
Among control animals liver tissue appeared relatively normal with hepatocytes arranged in plates of one cell thickness separated by sinusoids that were occasionally dilated adjacent to terminal hepatic venules. The majority of hepatic parenchymal cells contained a single central nucleus with a prominent nucleolus, were plump, and contained abundant glycogen. Kupffer cells were not prominent (Fig. 5a ). Transmission electron micrographs of livers from control animals showed hepatocytes with a normal complement of glycogen, normal rough and smooth endoplasmic reticulum, normal mitochondria, and scant cytoplasmic lysosomes. Spaces of Disse contained occasional collagen bundles. Fat and endothelial cells unremarkable. Kupffer cells contained occasional vacuoles filled with debris (Fig. 5b ). Acute diversion of portal flow resulted in demonstrable morphologic liver changes. Hepatocytes developed an eosinophilic finely granular cytoplasm and exhibited marked reduction in overall size and glycogen content. Dilatation of sinusoids became more marked. Hepatocyte nuclei sizes appeared more variable and many cells contained two or more nuclei. Nucleoli were more abundant. Kupffer cells were prominent and appeared filled with refractile amphophyllic material (Fig. 6a) . Transmission electron microscopy demonstrated marked depletion of cellular glycogen. Mitochondria were abundant and slightly more variable in size. Their appearance may have been due to decreased cell volume. Rough endoplasmic reticulum appeared less prominent with some (Fig. 6b) .
DlSCUSSlON
The reticuloendothelial system has been shown to be a major host defense mechanism. The phagocytic and metabolic activity of fixed macrophages appears to be regulated by many factors including organ blood flow [3] and metabolic or functional status of the RE cells [ 19, 221 . In addition, reactive serum factors or opsonins have been demonstrated to be important for in vivo and in vitro Kupffer cell phagocytosis of both microorganisms and inert particulate matter [22, 23, 26, 271 .
The majority of intravascular phagocytic activity occurs in the liver and has been attributed to the large resident population of Kupffer cells and to its extensive blood flow [4, 241. Several investigators have demonstrated that complete diversion of portal blood flow into the systemic circulation adversely affects hepatocellular structure and function [30, 311 . These alterations have been correlated not so much with changes in total liver blood flow per se as with hepatic deprivation of endogenous "hepatotrophic" factors normally contained in portal blood [29, 301. Hepatocyte atrophy was pronounced following PCS and there was ultrastructural evidence of deglycogenation and decreases in rough endoplasmic reticulum (RER). Starzl et al. demonstrated similar histological findings and in addition, using morphometric analysis, showed a 50 to 70% reduction in the area of RER per volume of cytoplasm and a reduction in the number of membrane-bound ribosomes [ 301. Since the synthesis of albumin in liver cells is related to ribosomes and RER [ 131, the fall in plasma protein concentration observed in this study was thought to reflect impaired production. In contrast, there are few morphological data regarding the effects of portal diversion on Kupffer cells of the liver and much of the information pertaining to this population of cells is incomplete.
While hepatic blood flow has been related to RE activity [4, 251, there appears to be an inverse correlation between the rate of blood flow and the efficiency of colloid extraction by the liver [2, 241. Saba suggested that factors which tended to decrease transit time through the liver would decrease contact time between particles and macrophages [24] . His findings supported earlier observations that the extraction ratio and perfusate flow rate were inversely related [2] .
These data suggest that canine KupfIer cells may be more resistant to portoprivation than hepatic parenchymal cells. The liver's response to increasing hepatocyte "dropout" is "low-grade" proliferation demonstrable by autoradiography [ 301. However, this compensatory hyperplasia is not proportional to the rate of cell death and may result in reduced liver mass. The demonstration by light microscopy in this study that Kupffer cells enlarge and become more prominent following PCS confirms an earlier, similar observation by Starzl er al. [ 3 11. There is now increasing evidence that macrophages can significantly increase functional activity following phagocytosis by undergoing intracellular modifications [ 221. It is also clear that reexposure of macrophages presensitized to a specific antigen with the same stimulus can result in rapid multiplication. MacKaness demonstrated markedly increased numbers of mitoses and increased [ 3H]thymidine labeling of mouse peritoneal macrophages challenged with a second antigen to which the animal has been previously sensitized [20] . It is unclear, however, whether this response results from hepatocyte atrophy or from macrophage proliferation as suggested by others 1221. Portoprivation may well be cell selective, affecting hepatic parenchymal cells to a greater extent than reticuloendothelial cells.
The clinical evidence of altered or compromised hepatic RE function in patients with severe chronic liver disease (cirrhosis) has been inferred from studies showing reduced intravascular clearance of particulate material [ 4, lo] and an increased prevalence of systemic endotoxemia [ 15, [ 14, 15, 321 could be due to either to Kupffer cell failure or "spillover" secondary to decreased RE perfusion and intrahepatic portosystemic shunting of blood [7] .
Our study demonstrates that despite portocaval shunting and its attendant changes in hepatocellular structure and function, Kupffer cell phagocytosis and metabolism of 13'1-labeled test lipid emulsion in the dog remains normal. The enhanced tissue uptake on a per gram basis by the liver can be explained by increased functional activity of existing Kupffer cells, proliferation of Kupffer cells, or both. Kupffer cells appear to be more resistant than hepatic parenchymal cells to portoprivation.
Opsonic activity measured by carboxy-latex particle agglutination or determination of the a-2 globulin fraction of serum protein does not appear to correlate with RE phagocytic capacity for RES lipid emulsion in the dog. A lack of specificity and/or sensitivity of available techniques to measure opsonic activity may account for these findings.
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